
secondary ac tLator dynamics , was re presen tative of
state-of-the-art in terms of both the airframe and
the f l y-by—wire flight control system .

The following schematic i l lus t ra tes  the test se t-
up used for Phase III and is identical to FIGURE 87,
appearing later in the report.

~~~:~~:r 

~ f~:::ic~
r Instrumentation

~~~ 
N~

Phase III DAIS Test Set-Up

The performance measurements recorded were the
p itch rate and normal acceleration of the aircraft
with and without the DHVM in the control channel.
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Both sinusoidal and step inputs were used to drive the
simulation .

3 . 1.4 Phase IV

The Phase IV testing was an evaluation of multi p le
DHVM’s operating asynchronousl y in a redundant electro-
hydraulic control system. The performance measurements
concentrated on the output error magnitude of asynchro-
nous operation and effect on the electro-h ydraulic re-
dundancy monitoring scheme for the HFCS. FTGURE 8
illustrates the general test system configuration .

H ~~~ H HFCS 

~~P 

~j-_1

r 
___H [~ L~ rj ~~~ Ins trumentati~~~~~

H F CS J x

FIGURE 8 Phase IV Test Set-Up
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4.0 TEST RESULTS

4.0.1 DHVM Equipment Familiarization

Several items requiring consideration were found
during the preliminary inves tigation and equipment
famil iar izat ion phase of this test program. These are
discussed in the following sub-section.

4.0.1.1 PWM Signal Off-Set

The output of the DHVM as provided for evaluat ion
was TTL Logic . This gave measured values of the PWM
signal 3.9 volts Hi level and •lOO volts Lo level.
This output was not compatible to the HFCS ’ ± 10 vol t
input requirements. Therefore , several methods were
inves tigated that would provide the bias and gain re-
qui~ed to convert the TTL logic output to a ± 10 volt
signal. Two conversion methods were investigated , an
optical coupler as shown in FIGURE 9, and an analog
converter and bias circuit as shown in FIGURE 10.

+ ~ V

~~~ut 
-~~4N33

L~~ H

FIGURE 9 Op t ical Coupler

17

-— --5 - -- 5 . 5  .5 — -5 .-  .5- .. - - -—~~~-~~~~~~~~~~~~~~~~~~~~~~~~-



1J

0

U-
’

+.—4 r 1  L1

v-I I

C~4 I
‘-4 L _ j  c-’1

-.5-- .5- .5, —.5--- - —  .5—-- —.5.-- -.5 —-- .5-  ——--5 -~~~~~~



The optical coupler FIGURE 9 , was ini tially
chosen for conversion because of the ability to re-
move the inherent clock noise from the Hi and Lo TTL
signal levels. A problem encountered with the optical
coupler was that the time constant of switching from
Hi to Lo and Lo to Hi were quite different. The non-
symetrical signal transifions created a null off-set
in the output signal.

The interface circuit inserted between the DHVM
and the HFCS is shown in FIGURE 10, potentiometer R2
provides the bias. Potentiome ter R6 adjusts the gain
of A1 while R10 adjusts the gain of A2 (R11 being in
parallel desensitizes R10 for easier trimming).
Potentiometer R13 adjusts the static and dynamic gain
of A2. C1 was added for Phase II testing to cause A2
to act as a PWM demodulator.

4.1 Phase I Tests

4.1.1 PWM Signal Linearity and Resolution

The DHVM output signal linearity and resolution
were measured using two methods , an indirect and a
direct method .

4.1.1.1 In;direct Method Description

The indirect method utiliz ed a time/fre quency
counter to measure the time that the PWM output signal
was at the Hi level. The DHVM up-date frequency used
for the test was also measured. This data was then
used to convert the pulse width to clock pulses (the
clock pulses occurring during the measured time are
directly proportional to the input voltage ampli tude) .
The clock pulses “p ” we re calculated as follows :

19
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the four input synchronous counter stops. When the low
l imit  counter  “counts  out ” , the ~car ry  out ” pulse from
the 54163 module is I clock pulse wide . The time delay
of associated gates and inverters amounts to approxi-
mately another clock time when operating at 1465 updates !
sec. This “carry out” pulse opens the error counter
NANO gates. Any input synchronous counter that is Hi
during the error counter ’s “carry out” pulse duration
will be determined to be in e r ror .  Since the preset
negative error tolerance was approached by one channe l
very slowly, the three channels that remained at null
made a Hi to Lo transition during the time that the
“carry out ” pulse from low limit counter was present at
the NAND gates. This incremented their respective error
counters to the failure limit. The input signals only
have to be matched within one to two clock pulses equiv-
alent to between .005 to .010 volts) for this problem
to occur.

When the dynamic input of ± 10 volts at 10 Hz was
app lied to all inputs with the DHVMT operating synchron-
ously ,  the minimum tolerance settings without any chan-
nel tailures was .397, (Channels A and B would fail).
This minimum tolerance level at 10 Hz refelects a dynamic
mismatch in the DHVMT and not a problem with the DHVM
detection .

In testing the out-of-tolerance channel determina-
tion while operating with asynchronous inputs to the
DHVM, the method used to o f f - s e t  the samp led data  was
to ope rate the DHVMT in the pseudo-asynchronous mode .
The time delays on the rear pane l of the DHVMT were
a d j u s t e d  to the desired delay s e t t i n g . O p e r a t i o n  in
th is mode provided the method of s imula t ing  the amount
o f t im e tha t  t he samp le t ime s would be o f f - s e t .  Actu-
al hardware would have a continuousl y varying sample
off-set time because the clocks are not synchronized to
the same rates.

Static operation in this mode indicated that there
is no difference in detection charac teristics than the
operation in a synchronous mode . However , dynamic
opera tion indicated tha t the out-of-tolerance detec-
tion is amplitude and frequency sensitive . FIGURE 26
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and 27 show the detection characteristic of input
levels of ± 1.0 vol t, ± 2.5 volt , ± 5.0 volt and
± 10 volt for sine wave inputs . The “X” axis is re-
presented as the input frequency (for examp le , 100
samp les/sec . with an input frequency of 15 Hz would
be 157, on the “X” axis). The “Y” axis is the set-
ting on the error tolerance switches to operate with
no f ailures, expressed as a percent of full scale
( ± 10 volts). The data in FIGURE 26 was measured
with the Channel A sample time off-set by 507 of a
samp le period. FIGURE 27 data was measured with
the Channel A sample time off-set by 257, of a samp le
period.

An examp le of how data may be app lied is to
assume a system has a full scale input of ± 10 volts ,
an asynchronous sample rate of 80 samples/sec. and a
maximum error between channels of 57, F.S. The maxi-
mum input frequency for no failure operation is 2
of 80 Hz or 1.6 Hz. This is based on the assumption
that the asynchronous clocks will reach a maximum
skew of 507,, of a sample period (which is the worst
case). This indicates that a system being updated
at 80 times per second should have an input and out-
put bandwidth limited to 1.6 Hz or less. Variation
in the update rates in the DHVM does not change this
characteristic . The only effect of the DHVM update
rate is to change the time to detect the error
(because the error would be recognized more or less
often).

Variations in the error counter did not direct-
ly affect the DHVM ’s ability to detect  an out -of
tolerance channel. The effect of the error counter
is that it provides a me thod to delay the DHVM from
taking action to remove an out-of-tolerance channe l
for a period of time that would prevent transients
from failing any one channe l . The time delay is
proportional to the reciprocal of the update rate
in Hz times the number of allowable errors counted.
Since the error counters are incremented up and down ,

47
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continuous transients could eventually cause failure
of a channe l if the transients are long enough in
duration and occur repeatedly.

4.1.4 Operation and Voting Ability after Channe l
Failures

4.1.4.1 Test Description

The test set-up in FIGURE 28 was used to verify
the ability of the DHVM to operate and vote after
channel failures. The affect of simultaneous failures
was also evaluated using this test set-up .

— 18
Bias Input rad/sec.

_ _  _ -

Function tn r,~r I, 
- __ I_I IL V i i i. - ~~ Dn vii —

~~~~~
. RC

Generator - Model

Channe l 
- 

Channe l
Select —---— - ~~~~~~~ ‘ Fail -

— ~~~~~ - - ~~ ! ---i- 
~~~

—

- 
8 Channe l - Output I

I 
Chart Recorder Monitor -

FIGURE 28 Voting Ability Test Set-Up
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The function generator was used as a parallel input
to all four channels. The channel select and channel
fail signals were recorded on the chart recorder while
the output of the RC Model was m o n i t o r ed on an osc i l lo-
scope . Hardover inputs were injected at the DHVM bias
inputs. Null failures were created by removing the
function generator input from the channe l or channels
under test.

4.1.4.2 Test Results

The test results indicate a single channe l failure
b y be ing ou t -o f --to le rance , the D HVM had n o pr oblem in
selecting a new low median signal. When two failures
were injected simultaneously, the DHVN would select the
highest of the two remaining values. When the third
failure was injected , the DHVM switched into a 5Q7, duty
cycle mode providing a 0.00 volt analog output signal.
These results are entirely consistent with the design
description in Reference 1, AFFDL-TR-74-94.

The result for simultaneous injection of failure
signals were different. Hardover ( ± 5.0 volt) signals
were injected into two channels simultaneousl y and out-
put was recorded . When the injected signal was positive ,
the DHVM rejected those two channels. When the hard-
overs were negative , the DHVM kept those two channels.
The apparent reason for this result is that the DHVM
low-limit error counter starts when the first synchro-
nous input counter stops. The second input counter that
stops , resets the low-limit counter and starts the hi-
limit counter. This causes the last two counters to
stop in an error condition if the hi-limit is exceeded.
Therefore , the two highest algebraic values will always
be considered in error even though negative hardovers
are app lied to the two channels tha t remain active .

Failure transients on the output due to the DHVM
selecting a new median low signal wi th injected Fail-
ures were not observable. The reason for this is that

50
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the DHVM switches to a new median low signal every up-
date period. Therefore , a sing le hardove r or grounded
input cannot be present at the output.

4 .1 .5  Summary of Phase I Test R e s u l t s

4.1.5.1 PWM Signal Linearity and Resolution

The average resolution measured is .377 of full
scale input. The average linearity is .087,. Both re-
solution and linearity are dependent on the accuracy
of the analog-to-digital converters used to input the
DHVM and the number of bits that are used for the data
portion of a digital word.

4.1.5.2 Low Median Signal Selection

The DHVM correctly selects the low median signal
from its four input signals.

The DHVM does indicate two or more channels select-
ed if the input values are identical. No operational
problems were observed with the channe l selection .

4.1.5.3 Out-Of-Tolerance Channel Determination

The DHVM will fail all four channels if one chan-
nel is equal to the negative tolerance level and the
other three channels are matched within .010 volts.
This is a design problem that needs to be solved.

The ou t -of - to le rance  detection is amp l i tude and
frequency sensi t ive  during asynchronous opera t ion .
This is a charac te r i s t ic  that  limits the usefulness of
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the DHVM for general app lication and needs to be
changed.

4.1.5.4 Operation and Voting Ability after Channe l
Failur e

Failure transients in the output were not observed
for  the f i r s t  two in jec ted  fa i l u r e s .  The th i rd  f a i l u r e
in i t i a tes  a 507, du ty  cyc le  o u t p u t .

The DHVM rejects the two h i ghest algebraic chan-
nels when two hardover failures are- injected simulta-
neously, a characteri stic which in app lication should
no t  be a p r o b l e m .

4 .2 P h a s e  II

This  ph a se-  ot  t e s t  i ni ~ was  c L ~I i d u c t e d  t o  e s t a b l i s h
the  e f f e c t  ol dri v i ii ~ an e - l e c t r u - h v d r iu l i c  e-o n t r c l  s v s —
Le - ~~ with the o u t p u t  ol  t h t  DIIVN T and  I ) IR’ -~’1 s ii:~u 1 a t  j u g  a
DAI S c on f i ~~u r a t  i O n .  Th }ivbrjd F l i - h i  ( ‘ o l I t r o l  Simula tor
( H F ( S )  wa .~ use d as the c - i t - . t r o — h v d r  i i  ii cont rd S v S t e - ~
an d wa s  p t ’ - g r i : - ~ i - a  to  simulate ~-~~

)i ) i l c h  ax i s  hardware’ -

t~~’ l ~ ia t e  the  genera l c f i e c t  0 1  u s i u i ~ t pulse

~ j t i t t i  p ‘t i i  I - i t i - c l  s i ~~fla 1 as a d i r ~ -~~t i n p u t  i n t o  au . - h —

L u .  — I d i  a u i~~
- ac tu. Lou , th e  D H . M  W as sc t up to  prc~’ idi

t I l L  ~,IpUL to the IFCS during t :lc Phase 11 pre- l i ’ 1 I~I. i1~ V

s t i n g .  I h e -  ri s u I t  01 t h i s  pre  II; i.narv eva l ui l i on  wa -~
t h a t  a t  Ji~~u ch  the e l i - c t  r o — h v d r a u l  i c ic t u a t or  \ ‘ I  11  a t  I

a pu 1 se w i d t h  dc~ ;i~ d ii  I a tor  , the  St  1 V 0  V i  l v ,  ~ !‘ t 500410

too \~~i’ 11 - t h e  p u l - l e ’  w i d t h  11100 la t iOn I requene -v .
resi)on- - 1- Causes the ~-e -r \’o \-a ly e  s tO v) e r i t t -  in  a ‘‘ 1 ) 1 1 1 0 , —

b a n , ’, : ik~(:e (switching aack and f u r  Lb f r o m  h a r t l o - . r t o
h a r d o \ - t -r ~ - i t h  t h ~ p o t e n t i a l  of i I r l I : ~~inI~ t H  f i r s t  I t  ~,

01 the  s e r \ - o  va lves .  i,n a d d i t i  , t a -  r e - o ’>o n s t -  01 1~~~
hSOJ HF C S s i m u l a t i o n  to the dir t ‘ t pu I se o i d l b  c C o ~I I 1 t 1 d
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signals allowed a considerable amount of the pulse width
modulation frequency to appear on the motion output of
the secondary actuator. Although a small amount of high
frequency dither is not undesirable for the operation
of a servo sys tem , the large amoun t of the pulse width
modulation dithe r when used as a direct input to a servo
system was undesirable from a distortion and wear aspect.

During this preliminary evaluation , the pulse width
modulation update frequency was varied from 91.5 up-
dates/sec. to 1465 updates/sec. As expected , the amount
of motion at the modulation frequency reduced with in-
creasing update rate . As a result of the pre liminary
testing , the update frequency was set to 1465 updates-
sec. ( the  maximum rate available for the DHVM) for  a l l
subsequent tests. In addition , a low pass filter having
a break frequency at 150 Hz was inserted between the
DHVM and HFCS as a PWM demodulator. The combination of
the high pulse width modulation frequency and low pass
filter reduced the modulation dither to an acceptable
level for the subsequent testing .

4 .2 . 1 Base Line HFCS Tes t ing

‘ .2 .1.1 Base Line Test Description

A mode l of the 680J secondary a c t u a t o r  was pro-
grammed on the HFCS using References 3 and 3 as a guide .
Test data was recorded as a baseline to compare to data
taken with the DL -{VMT and DHVM interfaced in the system.

3. Hooker , David S., et. al., “Survivable FIii’jit (on-
t ro l  Sys ton i ” , F i n a l  R e p o r t , A F F D L - T R - 7 3 - 1 0 5 ,
December 1975

i .  Amies , Ge ra ld  E.  , et.al. “Su rv ivab l e  F l i g h t  Con-
t r o l  Sys tem ” . I n te r im R e p o r t  No .  1 , Stud ies , Ana l-
yses and Approach , A F F D L— T R— 7  1— 20 , Supp ~emcnt ‘I ,

~1av 1 97 1
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The base line data test set-up is shown in
FIGURE 29 .

Function HFC S - 
.i.. - -~ ,= 188.5 rad ~ Instrumentation

Generator - -
.7

— I ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - , - - -

FIGURE 29 Block Diagram HFCS Base Line

The HFCS was set-up as shown in FIGURE 30 to model
the response of the 680J secondary actuator.

Servo Servo
Amp l i f i e r  Valve Actua tor

LVD T

L K
4 
}

FIGURE 30 HFCS - 68OJ Secondary Model
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W here :
K
1 

= 1.71 m a/ v

K = 1.04 c is/ma

K
3 

= . 188

K , = 20 v/in.
4

.2 .1.2 ‘Le s t  R e s u l t s

FIGURES 31 throug h 34 are baseline pe r fo rmance
measuremen t s  of the HFCS wi th  the 680J response set-
up .

FIGURE 31 shows the response of the simulation
b r acketed wi th  the ga in and phase l imits  of the 680J
secondary ac tua to r  response taken from Re ference 4 ,
Page 130.

FIGURES 32 , 33 and 34 are X-Y p lots with input
amp litudes of ± 2.5 volt , ± .25 volt and ± .025 volt.
This data indicates that the system linearity is better
than 0.57,, the resolution is better than 0.157. and
hysterisis is less than 0.27,. The stair stepp ing shown
in the expanded linearity p lot of FIGURE 33 is typ ical
for a small drive area actuator because the seal fric-
tion requires a high percentage of the available out-
put  force .

The output signal distortion was measured and
charted in TABLE 6. The input signal distortion was
less than .157 for all frequencies and amp litudes.
The da ta  in dicate s th a t the hi gher amp l i tude  o u t p u t
signals have less distortion . Actuator friction
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a f f e c t s  the output  signal d is tor t ion in this manner
since with a constant friction level the percent dis-
tortion associated with the friction decreases with in-
creasing output ampli tude.

TABLE 6

OUTPUT SIGNAL DISTORTION WITHOUT DHVMT & DHVM

P-P Output Amp litude
.5—--— .5 

N
Input Freq. ± 1.0 Volt ± 2.0 Volt ± 5.0 Volt

Hz

5 7~ Q7, 2.87, 2.07

10 8.8% 4.07, 1.857

20 9~ 57, 2.87, 1.80

40 13.07.- 3.0 7 2 .87

In order to observe un i fo rm d i s t o r t i o n , a fre-
quen cy swee p from 1.0 to 50 Hz at  an amp l i tude o f
± 5.0 vo 1t~ was app lied to the HFCS as an i npu t .  The
in p ut  and output were recorded for reference comparison.

FIGURES 35 and 36 are the i n p u t- o u t p u t  re la t ion-
shi p at  f requencies  of 10 and 40 H z .

4.2.2 The Effect of Sample Rate Variation On The
680J S imula tor
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4 .2 .2 .1  Test Description

To evaluate the effect of sample rate variation on
the 680J Simulation output , the DHVMT and DHVM were in-
serted between the function generator and the 680J
secondary actuator simulation to process the command
input , as shown in FIGURE 37.

I [ I I HFCS
Function 

~jDHvMT ~~ DHVM L_
~~~-~~

=l88.5 rad/sec
Generator I L______ 

_______  

= .-~~~ 

-

L H Instrumentation~~~ -5—

FIGURE 37 Sample Rate Variation Test Set-Up

The base l ine data was repeated for sample rate
set tings of 80, 125 ~nd 400 samp les/sec. while operat-
ing in a synchronous mode . The DHVM update rate was
set at 1465 updates/sec. for all samp le rate condit-
ions.
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4.2.2.2 Test Results

FIGURES 38 , 39 and 40 represent the frequency re-
spo nse data  wi th  the DHVMT set at 80 , 125 and 400 samples!
sec . Comparing these p lots to the base line ind icates
t h a t  the phase ang le is a f fected more tha n the amp l i tude
ratio. This is an expected r e su l t  because there  is a
time delay of one update period each for the D l-IVMT and
DHVM when the information is processed.  TABLE 7 is a
listing of expected , measured and base line phase shift
at input frequencies of 1, 10 and 20 Hz. The value s for
the 400 samp les/ sec .  are comparable ~o the b ase line ,
but  the 80 samp les/ sec .  are not comparable . This is
because the output signals for the slower samp le rates
are quite distorted and the test instrumentation cannot
properly evaluate the signal . When signal distortion
is more than 107.-, the frequency response analyzer p lo ts

TABLE 7

PHAS E LAG COMPARISON

Phase Lag in Degrees

Input Sample rate Base Line Expected Measured
Freq. samples/sec .
Hz

1 80 4 .5 11.9 9.0
1 125 4.5 7.6  8.0
1 400 4.5 5.7 6.5
10 80 29.5 76.9 58.0
10 125 29.5 60.8 54.0
10 400 29.5 41.0 43.0
20 80 49.5 144.4 112.0
20 125 49.5 112.4 103.0
20 400 49 .5 72 .8  81.0
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are not valid (since Bode p lots are based on a pure sine
wave anal ysis ) .  The expec ted  p h ase an g les l i s t ed  in
TABLE 7 are calculated value s arrived at b y adding p hase
angle associated with the time delay per iod to the base
line p hase ang les.

The Bode p lot on FIGURE 38 shows amp l i tude ra t io
degradation relative to the base line response (FIGURE 2 2 ) .
Th is is caused b y input  signal d is tor tion at the lower
samp le rates a f f e c t i n g  the measured s inusoidal response .

The amp l i tude bu r s t  on the ampl i tude  ra t io  t race  of
FIGURE 38 reflects a modulation mode of the system in-
put when the input frequency into the DHVMT approache s
one-half of the sample frequency.

FIGURES 41 through 49 are the X-Y p lots for inputs
of ± 2.5  volt, ± .25 volt and ± .025 volt at samp le
rates of 80/eec., 125/sec. and 400/sec. The linearity
remained unchanged compared to the base line . However ,
the resolution increased from .157 to . 107+ an d the
hysterisis was reduced from . 207 to .157.- compared to
the base line test results. This is because the DHVM
output allowed enough dither to the HFCS to reduce the
actuator ’s inherent static friction effects on the
ac tua to r mo t ion.

TABLE 8 is comparative signal distortion data for
the three update rate- -~. Referring to TABLE 7 of the
base line data , the 400 samp les/sec . rate closely com-
pares to the base line data. The 80 samp les /sec.  is
quite distorted by comparison .

FIGURES 50 thro ugh 55 are input-output traces of
the frequency sweep at ± 5.0 volts at 10 Hz and 40 Hz
frequency range s at samp le rates of 80, 125 an d 400
samp les/sec .
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